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Men? therapies for the long-term treatment of type ! diabetes are 
needed io ameliorate declining pancreatic $<el\ function. Ideally, 
these therapies should lower fasting and post-prandial blood 
glucose, produce no hypoglycemia or weight gain, cause no other 
limiting side effects, and reduce cardi&wsa&kr complications, 
Zxenatide (synthetic exendin-4) is a potential therapeutic which 
may fulfill these criteria. Dose-ranging studies have identified an 
optimal doss of 0.05 to 02 pgfkg administered subcuianeously 
twice daily. PharmacakineHc data support a pivotal study design 
which mitigates the transient nausea observed in early studies by 
including a dose initiation period of 1 month at 5 fig twke daily, 
followed by maintenance therapy at 10 fig tmce daily. Ongoing 
studies suggest exenatide improves glyarmic control through a 
combination of mechanisms discussed in this review. 
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Type 2 diabetes is characterized by the emergence of post- 
prandial Cpost-meal) and subsequently, lasting hyperglycemia 
|l i In most individuals, hyperglycemia results from a failure 
of pancreatic p-cels to secrete adequate insuln to compensate 
for insulin-resistance in peripheral tissues 12,3]. The incieasmg 
worldwide prevalence cs£ type 2 diabetes melitus has mapr 
implications for both healthcare systems and affected 
individuals, particularly because of the vascular 
compiicafcions associated with this disease. 

The fraction of glycosylated hemoglobin (A1Q in the 
circulating red blood ceils of healthy individuals without 
diabetes typically comprises 5 to 6% of total hemoglobin 141. 
AlC levels provide an accurate indicate of average glucose 
concentrations in the blood for the previous 3 months. AlC 
values in individuals with poorly controlled diabetes 
generally exceed 9%. Results from the United Kingdom 
Prospective Diabetes Study (U&FDS) demonstrated that a 
reduction in AlC levels reduced the risk of microvascular, 
and possibly microvascular complications, and that any 
reduction in AlC levels was beneficial. In other words, there 
was no evidence of a glycemic threshold [5,6]. This study 
also confirmed that type 2 diabetes is a progressive disease 
characterized by a continuous loss of j^-cell function, which 
is not slowed by current therapies. Treatment of patients 
newly diagnosed with type 2 diabetes usually advances in a 
stepwise manner beginning with lifestyle intervention 
(exercise and diet), followed by treatment with oral 



levbls 
such i 



such as metformin and a 
ultimately include insulin therapy 16- 
cdnftrol of circulating glucose levels is 
average AlC values well above 8%, 
pf < 6% 14]* Many interventions 
side effects and other prescribing 
example, non-glucose-dependent 
as sulfonylureas can cause weight 
; metformin has been associated with 
and is contraindicated in 
.rgxftV liver and cardiac function; 
have been associated with edema, 
of heart failure in patients with 
hepa tic functions. 



imps ired 



ns-c 



lower both fasting 
concentrations and, p 
gain or hypoglyi 
unmanageable side 



cardiovenf ricular and ] 



These data suggest that new therapies for the long-term 
treatment of type 2 diabetes are required to delay, arrest or 
reverse declining ^-cfeE function. Novel therapies should 
and post-prandial plasma glucose 
referably, should not result in weight 
cause no other limiting or 
effects, preserve or enhance f^cell 
function and reduce cardiovascular risk factors that lead to 
morbidity and mortality. Preferably, new agents should 
exhibit a unique mode of action, which Is additive or 
synergistic with current therapies. Exenatide (synthetic 
exendin-4, AC-2993; Amylin Pharmaceuticals Inc/Bi Lilly 
& Co) is an mvestigation&l agent that may MB!! these 
criteria. 



Natural exendin-4 was ong^muly isolated from 4he salivary 
secretions of the lizard Hebdemm suspectum (Gila monster) 
[Hi In the Gila monster, exendin-4 circulate following 
ingestion of a meal 112) and seems to have endocriBe 
functions related to metabolic conteoL Exendm-4 has a 53% 
amino acid sequence overlap with mammalian glucagon-Hke 
peptide-1 (GLSMX However, exendin-4 is transcribed from a 
distinct gene, not the Gila monster homolog of the 
mammalian proghicagpn gene te which GLP-1 
expressed |13L In mammals^ subcutaneously injected 
€xendirv4 is resistant $o degradation by dipep&dyl peptidase- 
much longer plasma half-life than 
by DPMV In < 2 mm [14,15]. 
ficiently lowers plasma glucose in 
! dfabeies, but must be given continuously 
rimpractica! [16,173- 
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Exenatide is not an knalog of GUM. In other words, the 
structure of the synthetic exendin-4 peptide was not; created 
by sequential modifi'ption of the structure of G1P-1. The 
antidiabetic actions of exenatide include glucose-dependent 
enhancement of insulin secretion [X8,19,20«>*,21»L glucose- 
dependent suppressisjn of ^appropriately high glucagon 
secretion [20»®;22L mowing of gastric emptying [20*»,23] 
which may be paradoxically accelerated in people with 
diabetes [24,251 and isduction of food intake 12BJZ7^\. In 
addition, exenatide lias been shown to promote p-ceil 
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proliferation and neogenesis from precursor cells in in vitro 
and in vivo models I28»,29«,3.Q»]. Data obtained in animal 
models also indicate that exenatide reduces food Intake, 
suppresses weight gain and has an msulin-sensltizing effect 
I21»,26,27»»l. At least some of these antidiabetic actions are 
likely to be mediated by exenaride binding to the known 
GLP-1 receptor [31]. These antidiabetic actions of exenatide, 
combined with enhanced pharmacokinetics, remit in very 
high in vivo potency relative to native GLF-1 [21 »>32>333 and 
make exenatide an attractive pharmaceutical agent. 

In animal models of diabetes, a predominant acute action of 
exenatide 5s glucose-dependent insuiinorropisrn, defined as 
the amplification of ftaeQ- insulin secretion when glucose 
concentrations are above, but not below, the normal range 
{18,19}. Trie end result of this exenatide action is to increase 
the precision of glucose/ insulin secretion coupling, while 
maintaining normal gjutose-sensing control mechanisms, 
resulting in antihyperglycemic activity. This action of 
exenatide contrasts with the action of non-glucose- 
dependent insulin secreiagogues or hypoglycemic agents, 
such as the sulfonylureas, which increase Insulin secretion 
regardless of the glucose concentration 134] and thus have 
the potential to induce hypoglycemia 16], 

While GLF-I and exenatide appear to share certain glucose- 
lowering actions, not all actions of exenatide are predictable 
based on the known pharmacology of GlP-1. For example, 
GLP-1 but not exendin-4 has been shown to suppress gastric 
acid secretion [35]. Also, intra portal infusion triggers 

firing of the hepatic vagal afferent nerves, while exendin-4 
does not [36]- Other data obtained in animal models of 
insulin resistance suggest that exenatide may also have an 
insulin-sensstMng effect [21*3, although this has not yet 
been shown in humans 137]. Bxendin-4 sensitized 
differentiated 3T3-L1 adipocytes to msuim-dependent 
glucose uptake, while GLF-1 had no effect in the same assay 
[38]. Exenatide may, therefore, exert at least some of its 
actions through a functionally different receptor than GLF-1 

Clinical experience wWh exenatide 
Phsm I trials 

A total of 48 healthy volunteers wereenrolied in two phase I 
safety trials 137,403. In the first study |40l, individuals were 
enrolled in an escalating, single-dose, double-blind, placebo- 
controlled trial. Subcutaneous exenatide was generally well 
tolerated at doses of £ 0.1 ug/kg. Common adverse events 
were headache, nausea and vomiting, with nausea and 
vomiting being dose-limiting at 03 jig/kg. All exenatide 
doses increased plasma insulin. In the second study I37L 
individuals were enrolled in a single-blind, crossover trial 
involving intravenous infusion of exenatide at 0.12 
pmql/kg/min, GLP4 a& 12 pmol/kg/inin, or saline 
placebo. Glucose was clamped at 53 mM and insulin was 
infused to progressively increase insulin concentrations to 
approximately 65, then 1 90 and finally 7GG pM. Endogenous 
insulin secretion was inhibited with somatostatin infusion at 
120 ng/kg/rnin, while glucagon and growth hormone were 
maintained at basal levels by infusion of 0.65 and 3 
ng/kg/min, respectively. No changes in circulating levels of 
glucose, insulin, C-pepiide, glucagon or growth hormone 
occurred in non-diabetic humans. Cortisol levels were 



significantly higher during exenatide or GLP-1 infusions 
than during saline infusion (p < 0.05), Transient, mild 
nausea was the only sifie effect reported. These data support 
the conclusion that njsither exenatide nor GLP-1 acutely 
enhance insulin activity in non-diabetic humans. 



Phase I 

Eight phase II trials of exenatide have been completed in 323 
individuals with typ4 4 diabetes [20**30^1 *®,42-45]. A 
consistent pattern of jsasfety and pharmacodynamics was 
generally observed, pose-ranging studies identified an 
optimal glucose-lowering dose range of 0.05 to 0.2 Jig/kg 
administered subcutahedusSy r with transient nausea and 
vomiting as dose-limi^inig adverse events. Fharmacokinetic 
profiles demonstrated minima! dependence on body weight, 
supporting continuing! development of fixed dosage 
regimens. In addition,; these trials have supported a pivotal 
study design strategy to mitigate the transient nausea 
observed in early sftidfes by including a dose initiation 
period of 1 month at [5 jig twice daily, followed by a 
maintenance dose of 10 iig twice daily. 

Modulation ofpl&sntk glucose 

The two studies reported by Kokerman ei dl [20»®1 exarrrined 
the ability of exenatide to modulate plasma glucose in 
patients with type 2 diabetes- Subcutaneous exenatide 
rapidly lowered both fasting and post-prandial plasma 
glucose. Moreover, the data demonstrated that exenatide 
was effective at lowering post-prandial glucose over the 
range of disease seventy. The glucose-dependent 
Snsulinorxopisrn exhibited by exenatide was best Illustrated 
by the data obtained in the fasting state. There was a dose- 
dependent rise in -senam insulin concentrations within the 
first 3 h after exensiMe administration compared with 
placebo (p < 0,001). in sharp contrast, placebo treatment 
resulted in relatively stable insulin concentrations 
throughout the 8 h pejriod of observation. The rise and peak 
of serum insulin {concentratiors follcfwing exenatide 
administration coincided with the rapid decH&e of feasting 
glucose concentrations* After 3 to 4 h post-dose, and 
coincident with reaching glucose nadir, mean serum insulin 
returned to baseline (with little ditmeBce among groups. 
Insulin AUG^ and values for all exenatide treatments 
increased in an Apparently dose-dependent manner 
compared with placebo. Since exenatide concentrations 
remained elevated throughout the course of the assessment, 
consistent with the long circulating half-Hie of exenatide 
[33], the reduction in insulin beyond 3h does not reflect a 
simple waning of exenatide effect due to lower drcuSaung 
cor^ntraticms of exersatlde. Because of She multiple acute 
glucose lowering acHojns of exenatide in the post-prandial 
period, it was not possible to ascertain the net individual 
contributions of glucose-dependent Insulinotopisrrv 
suppression of glucagon secretion and slowing of gastric 
emptying on pc^t-prafldial glucose control. 

Circulating glucagon mas reduced by exenatide in both the 
fasting and post-praMial states. This observation supports 
the theory that suppression of glucagon secretion is not 
merely tela ted to the Rowing' of nutrient presentation to the 
small intestine <gastric emptying). Given the well- 
documented elevations in lasting and postprandial 
glucagon levels in patients with type 2 diabetes 146] and the 
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known activity of glucagon with respect to maintaining 
hepatic glucose output .[47]> it is reasonable to extrapolate 
that glucagon suppression by exenatide contributed to the 
overall effect of lowered plasma glucose in both the fasting 
and post-prandial periods, like insulin, glucagon 
concentrations also returned toward baseline beyond 3 h 
post-injection during the fasting state. As the changes in 
insulin and glucagon concentrations are coincident arid 
reciprocal, the effects of exenatide on the enhancement of 
insulin secretion and the suppression of glucagon secretion 
may be considered glucose-dependent. It is noteworthy that 
non-glucose-dependeni secretagogues, as well as exogenous 
insulin, do not suppress the paradoxical post-prandial 
glucagon rise observed in patients with diabetes 148], This 
results in an inappropriately low insu!in-to-glucagon ratio In 
the portal vein (to a greater extent than with exogenous 
insulin), contributing to sustained rates of excess hepatic 
glucose production [49], Thus, by virtue of its ability to 
enhance endogenous insulin and lower glucagon secretion, 
exenatide would tend to re-establish a more physiological 
and favorable portal vein ratio of insulin-to-glucagon 
compared with currently available agents. 

Gastric emptying was also slowed by exenatide. Delivery of 
nutrients from the stomach to the small intestine is a critical 
contributor to post-prandial glucose excursions [24,50], 
Indeed, non-diabetic patients who have undergone 
gastrectomy exhibit post-prandial hyperglycemia m spite of 
apparently normal ^-cell function and fasting euglycemla 
1511 Whether gastric emptying rates are slow, normal or 
accelerated in patients with diabetes without severe 
autonomic neuropathy is controversial [243. One of the main 
confounders In understanding the pathophysiology of 
gastric emptying in diabetes is hyperglycemia itself,, as 
elevated glucose concentrations in non-diabetics slow the 
gastric emptying rate |24L Thus a 'norma!' gastric 
emptying rate in the face of hyperglycemia may be 
considered pathophysiological as it is relatively 
accelerated compared with an expected normal slowing in 
the face of hyperglycemia. Meal entrained, endogenous 
entero-pancreatic honnones such as cholecystokinin, 
amylin and GLIM slow gssstxic emptying, attesting to the 
importance of this function for overall nutrient 
assimilation £52]. Consistent with this observation, 
exendin-4 has been reported to acutely reduce food intake 
in healthy humans [53] and cause weigh* loss in animal 
models of obesity J21*J. 

Hemoglobin Al C goals 

Fmeman et &l reported impressive findings in a phase 
H study of exenatide in patients with type 2 diabetes not 
attaining A1C goals 7%) with oral sulfonylureas and/or 
metformin and/or diet modification. Exenatide treatment 
for a period of 28 days reduced A1C levels by approximately 
0.9% compared with baseline Cp £ 0.006). In addition, the 
proportion of patients achieving A1C ^ 7% [54] was 4-fold 
greater after exenatide treatment Given that A1C only fully 
rejects a change in glycemia 3 months after a sustained 
change has occurred, Shis reduction in A1C levels and 
enhanced ability to achieve clinically relevant A1C target 
values after only I month of therapy is highly clinically 
significant. Glucose profiles during ingestion of a mixed 
meal demonstrated that the marked, acute ability of 
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exenatide to reduce post-prandial glycemia was sustained 
over the 28-day observation period. This post-prandial effect 
is likely to be mediate^ via three key actions of exenatide: (i) 
increased release of irisulin and amylin from the p-cell f 19]; 
(ii) suppression of the {paradoxically high glucagon secretion 
in patients with diabejes {221; and (in) slowing of the rate of 
gastric emptying {231 The ability of exenatide to reduce 
fasting plasma glucosk has previously been reported to be 
secondary to enhanced insulin secretion [19] and 
suppression of inappropriately elevated ^ucagon secretion 
122J. The effects of jxenatide on both fasting and post- 
prandial glycemia were the key factors leading to the 
observed marked cha nges in A1Q levels and fructosamme 
(another indicator of cumulative glycemic control}. 
Exenatide therapy resulted in Iructcsarnme concentrations 
approaching the upper limit of normal, and AXC reductions 
of approximately Q.9%> Such marked improvement is 
difficult to achieve with the simple addition of a second or 
third oral antidiabeticl agent J55J. Moreover, While insulin 
therapy can be use$ to achieve this outcome, a vast 
literature documents jthat this approach is generally 
associated with significant weight gain {&}, increased 
hyix>g3ycernia 161 and tie attendant morbidities 156]. 



iassessment (HOMA) 1543 was 
conducted to assess p-ce^l function at baseline and at days 14 
and 2&. HOMA analysis revealed improved f^-cell secretory 
function following exerjatide therapy. It is noteworthy that 
fasting values of plasrda glucose and insulin, which were 
used to calculate HGMA, were obtained prior to the 
moving dose of exenaiide when plasma concentrations of 
exenatide were ssegligible, suggesting a fundamental 
alteration in p-ceil fraction following sustained exenatide 
exposure. These data are in keeping with the extensive 
literature documenting j enhanced g-ceil function Mlowing 
treatment wish exgndib-4 in various animal models of 
diabetes 12S»£9®,3Ga], 



The most common adverse events encountered with 
exenatide thesapy were mild-to-moderate nausea and 
hypoglycemia. Nausea (tended to occur jnostSy upon initiation 
of therapy and subsid ed over the first week Importantly, 
hypo^eemia was oriy reported in parents treated with 
sulfonylurea agents, IVhik exenatide on the £rst day of 
treatment was associatid with a srnali acute and transient rise 
in serum Cortisol craentra&ons, similar to that seen with 
GLP-1 treatment 155], assessment on day 28 revealed no such 
rise in any of the study patients. There wss?e to clinically 
relevant eflects of exenatide treatment osi other clinical 
laboratory analytes, bio od pressure or heart rate- 
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These data demonstrated for the first tone [41»»] that in a 
randomized^ double-Minded trial, exenatide administered 
t for 2B days to patients with Sype 2 
and/or metformin, causes a 
UC levels. A recent report 1561 
examined the impact c£ 1 month of subcutaneous exena&de 
dosing ©n Mood glujcose levels m poorly controlled, 
insulin-naive patients with fcype 2 
diabetes. Even in this Htnited study with no placebo control,, 
exenatide lowered A1C levels. 



404 Current Opinion In tavsstig&tmrtal Drugs 2QG3 Vol 4 No 4 



Conclusion 

Exenaiide is a promising, unique therapeutic with a novel 
mechanism of action and the potential to significantly 
improve giycemic control in patients with type 2 diabetes. 
Evidence suggests that exenatide achieves this improvement 
in glycemic control through a combination of mechanisms, 
which include glucose-dependent stimulation of insulin 
secretion, suppression of glucagon secretion, slowing of 
gastric emptying, inhibition of food intake and enhancement 
of {J-ceU function. 
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